A gene, encoding a protein homologous to an essential Escherichia coli protein, FtsH, was identified adjacent to the hpt gene and the trnA operon in the Gram-positive bacterium Lactococcus lactis. The deduced amino acid sequence of the gene product showed full-length similarity to FtsH of E. coli, Ymelp of Saccharomyces cerevisiae and a conserved region found in a new family of putative ATPases. In-frame fusions of L. lactis ftsH and phOA7 in E. coli, and immunodetection of the L. lactis FtsH protein in cell fractions using anti-€. coli FtsH serum showed that L. lactis ftsH was expressed and encodes a membrane protein. When contained on a high copy number plasmid, the L. lactis ftsH gene complemented the lethality of a AftsH3::kan mutation in E. coli a t 37 "C and below, indicating that the L. lactis ftsH gene can functionally replace the E. coli ftsH gene to some extent. The resulting E. coli strain showed temperature sensitivity and salt sensitivity. A L. lactis mutant with an insertion into ftsH was salt-, heat-and cold-sensitive. These results suggest that FtsH is somehow involved in stress responses. Southern hybridization analysis indicated that genes homologous to ftsH of L. lactis were also present in Bacillus subtilis, and several Lactobacillus and Leuconostoc species, suggesting high conservation of ftsH in bacterial species.
INTRODUCTION
The facultative anaerobic Gram-positive bacterium Lacfococctls lactis subsp. lactis is widely used as an industrial organism for homolactic fermentation. L. lactis has become a model organism for fundamental genetic research on plasmids and plasmid-encoded functions involved in the production of fermented food products. However, the genetic characterization of chromosomally encoded functions in L. lactis has only recently been started. We initiated a genetic approach to study purine metabolism in L. lactis and have characterized the hpt gene encoding hypoxanthine guanine phosphoribosyltransferase, an enzyme involved in the salvage of purine bases to the corresponding nucleotides (Nilsson & Lauridsen, 1992) . During this work we detected part of an open reading frame adjacent to bpt, transcribed in the same direction, encoding a putative membrane protein.
In this report we describe the cloning and characterization of the L. lactis gene, previously named tma, adjacent to hpt and the tRNA operon t r n A (Nilsson & Johansen, 1994) . We show that the gene is homologous to the Escbericbia coliftsH gene, and that this gene is conserved in several Gram-positive bacteria, including lactic acid bacteria. We suggest that the gene be designated ftsH. TheftsH genes of E. c d i and L. lactis encode members of a new family of ATPases, the AAA-protein family (Kunau et al., 1993) . The family includes both eukaryotic and prokaryotic members which have been reported to be involved in diverse cellular activities, e.g. cell cycle control, protein secretion, peroxisome biogenesis and proteolysis. (Miller, 1972) at 37 OC unless otherwise stated. The phosphate-buffered minimal medium of Clark & Maalcae (1967) was used for selection of S0609 Hpt' as described previously (Nilsson & Lauridsen, 1992 Larsen (1988) . The nitrocellulose was subsequently immunostained (Larsen et al., 1992) using the anti-E. coli FtsH serum described previously (Tomoyasu e t al., 1993b) .
Cell-fractionation of f. lactis. Cells were grown in 400 ml of M1" medium to an OD,,, of 0.9-1.0, harvested and resuspended in 5 nil 30 mM sodium phosphate (pH 6.8) containing 0.4 M sucrose and 1 mg lysozyme ml-'. After incubation at 37 "C for 1 h, the cells were harvested, washed twice with 30 mM sodium phosphate containing 0.4 M sucrose, resuspended in 5 ml 10 mM sodium phosphate (pH 6-8) and sonicated. After ultracentrifugation of the cell extract (100000 g, 1 h at 4 "C), the supernatant (cytoplasmic) fraction was collected. The pellet (membrane) fraction was resuspended in 10 mM sodium phosphate containing 1 M NaCl and ultracentrifuged as above. The supernatant and pellet were collected separately. The supernatant was desalted by gel filtration (Sephadex G-25M, Pharmacia).
The collected fractions were used for SDS-PAGE, blotted to nitrocellulose and immunostained with anti-E. coli FtsH serum as described above.
Southern hybridization analysis. A 1.0 kb HindIII-KpnI (the KpnI site originates from the polylinker of pBluescript SIC -) restriction enzyme fragment of plasmid pLN3 (Table 1) contains an internal part of the L. lactis ftsH coding region. This fragment was used as probe in Southern hybridization analysis with ScaI-digested chromosomal DNA from various bacterial strains, using the ECL Gene Detection System, version 2 (Amersham) as follows. In the hybridization buffer NaCl was added to a final concentration of 1.0 M ; primary washes were in 2 x SSC, 1 M urea, at 25 "C. All other procedures including probe labelling, DNA transfer and signal detection were as described by Amersham. The molecular mass markers were obtained from Gibco BRL.
T o verify the integration of pLN43 (Table 1) 
RESULTS
Nucleotide sequence of f. lactis ftsH Adjacent to the bpt gene and t r n A operon of L. lactis, a gene @rH') was found (Nilsson & Lauridsen, 1992; Nilsson & Johansen, 1994) . The completeftsH gene was cloned and the nucleotide sequence was determined. The sequence of the last 24 codons of hpt and the entireftsH gene is shown in Fig. 1 . A possible ribosome binding site (Ludwig et al., 1985; Shine & Dalgarno, 1974 ) and a putative promoter (Koivula e t al., 1991) are located upstream offtsH (Fig. 1 ). The putative promoter contains the sequence 5' ATATG 3' in the -16 region (consensus 5' RTRTG 3' where R = purine), which is found in strong B. wbtilis promoters (Henkin e t al., 1988 ; Moran et al., 1982) . A potential stem-loop structure followed by five Ts (nucleotides 82-101) was located between the b j t and ftsH coding regions. The translation stop codon of the ftsH gene was located in the loop of a potential transcription terminator structure (nucleotides 2352-2391).
Analysis of the deduced amino acid sequence of theftsH gene revealed a purine nucleotide binding site motif (residues 233-240 and 288-293) (Walker et al., 1982) . Two putative transmembrane sequences can be predicted (residues 1-29 and 136-158) (Kyte & Doolittle, 1982) . The transmembrane sequence (residues 136-1 58) and the region containing the purine nucleotide binding site are separated by a very glycine rich sequence (residues 159-1 70, GGMGARGGGGGG).
Comparison of f. ladis FtsH with other proteins
Database searches for genes encoding similar amino acid sequences revealed that the deduced amino acid sequence of L. IactisftsH was 47 % identical to that of E. coliftsH (Tomoyasu e t al., 1993a) sequence is 71 % identical to that of E. coli FtsH and 31 amino acid residues are identical among all sequences shown in Fig. 2 .
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Localization of L. lactis FtsH in the membrane
A system using Tn5phoAI to generate protein fusions between the product of a target gene and alkaline phosphatase (AP) has been developed to detect genes encoding membrane and periplasmic proteins in E. coli (Manoil & Beckwith, 1985 , 1986 Sonicated cell extracts from L. lactis strain MG1363 and DN4302 ftsH: :pLN43 (described below) were fractionated into cytoplasmic and membrane fractions by ultracentrifugation. The membrane fraction was washed with 1 M NaCl and separated into supernatant and pellet. In Fig. 3 (a) and (b) (lanes 1-3) a SDS-polyacrylamide gel of the various fractions of cell extract of MG1363 and DN4302 blotted to nitrocellulose and gold-stained is shown. No significant differences in the protein patterns of the cytoplasmic or membrane fractions of MG1363 and DN4302 were found ( Fig. 3a and b, lanes 1 and 3) , whereas, the supernatants of the salt-washed membranes differed in protein patterns ( Fig. 3a and b, lanes 2) . The anti-E. coli FtsH serum only detected FtsH from MG1363 and a truncated form of FtsH from DN4302 in the pellets of the salt-washed membrane fractions ( Fig. 3a and b, lanes 6).
It is concluded from the results described above, that FtsH of L. lactis is an integral membrane protein spanning the membrane twice with the region flanked by these hydrophobic stretches protruding outside the cell, and that it has a large cytoplasmic carboxy-terminal part with a putative ATP-binding domain (Fig. 4) . Such overall features of the L. lactis FtsH topology are consistent with those of the E. coli homologue, FtsH (Tomoyasu et al., 1993b) , except that L. lactis FtsH has a larger outside domain than E. coli FtsH. Western blots with anti-E. coli FtsH serum were performed using extracts of AR423, AR423 containing the plasmids in Fig. 5 (a) and AR3120 to detect the gene products of E. coli ftsHand/or L. lactisftsH (Fig. 5b) . The E. coli FtsH protein could be detected in the AR423 derivatives but not in AR3120, whereas the L. lactis FtsH protein was detected in AR423(pLN32) and AR3120. No L. lactis ftsH product was detected in AR423, AR423(pLN39), AR423(pLN2) or AR423(pKS + ). This demonstrates that AR3120 was able to grow without the essential E. coliftsH gene product when containing the L. LactisftsH gene product. The plasmid pLN2 encodes a truncated L. lacti.r FtsH protein containing the epitope for the anti-E. coli FtsH serum, when transcribed and translated in vitro (Nilsson & Lauridsen, 1992 ; data not shown). This truncated FtsH was not detected by the anti-E. coli FtsH serum in the Western blot, possibly due to rapid degradation in vivo.
Complementation of
E. coli AR3120 showed temperature-sensitive growth in that it could grow at 30 O C and 37 O C but not at 42 OC. A B. wbtilis mutant with a salt-sensitive phenotype has been shown to be impaired in a putative homologue offtsH (Geisler & Schumann, 1993) . AR423, AR423(pLN32) and AR3120 were tested for growth on LB agar plates containing 4 % (w/v) NaC1. AR423 and AR423(pLN32), but not AR3120, were able to grow on this medium.
Construction of a f. lactis ftsH mutant A 1.3 kb EcoRV fragment of pLN32, containing an internal part of L. lactisftsH (Fig. l) , was cloned into the L. lath integration vector pV2 giving pLN43 (Table 1) . (Fig. 3b, lane 6 ) is enough to retain any essential function. DN4302 and MG1363 were tested for growth on M17-agar plates containing 4 YO or 1 YO NaCl. MG1363 could grow at both 4 % and 1 % NaCl, whereas DN4302 grew slowly at 1 % and not at all at 4 YO NaC1. Fig. 6 shows the growth of DN4302 and MG1363 at various salt concentrations in M17 broth. MG1363 grew at 4 % NaCl after a lag phase of about 2 h, whereas DN4302 at 4 % NaCl showed almost no growth. N o growth of either strains occurred with 7 % NaC1. DN4302 and MG1363 were also tested for growth on Ml7-agar plates containing 0.5 M sucrose. Both strains appeared to grow equally well on this medium.
Growth at 38 OC, 30 "C and 16 "C on Ml7-agar plates was also tested. DN4302 only grew at 30 OC, whereas MG1363 grew at all temperatures. However, incubating DN4302 anaerobically restored growth at 38 "C.
Homologous genes in other bacteria
A 1.0 kb HindIII-KpnI fragment (nucleotides 667-1 600, Fig. 1 ) was used as probe in Southern hybridization analysis with ScaI-digested chromosomal DNA from various bacterial strains (Fig. 7) . Single chromosomal bands can be detected from the Gram-positive bacteria L. lactis, B. szlbtilis, Lezlconostoc sp. and Lactobacillzls sp. (Fig. 7,  lanes 1,3-8) . With E. coli DNA only a very faint band was detected (Fig. 7, lane 2) . Under the same experimental conditions, homology to hpt, using a bpt probe, was only detected in L, lactis (results not shown).
DISCUSSION
TheftsHgene of L. lactis was cloned and shown to encode a transmembrane protein with putative ATPase activity. The deduced amino acid sequence indicates that FtsH belongs to the AAA-protein family of putative ATPases containing several members of eukaryotic proteins (Erdmann et al., 1991 ; Kunau e t al., 1993) and also includes the membrane protein FtsH of E. coli (Tomoyasu et al., 1993a, b The L. lactisftsH mutant DN4302 is impaired in salt tolerance and other stress responses, and shows a different pattern of membrane-associated proteins compared to the wild-type strain (Fig. 3, lanes 2) . These phenotypes could be explained by an improper assembly of membrane proteins, some necessary for the salt tolerance, caused by theftsH mutations in L. lactis. In E. coli the maturation of penicillin binding protein 3 (PBP3) and p-lactamase is dependent on FtsH function, in that post-translational processing at the C-terminal part of PBP3 seems to be defective and accumulation of the plasmid-encoded precursor of p-lactamase in the cytoplasm was observed in the thermosensitiveftsH7 mutant of E. coli (Begg e t al., 1992; Tomoyasu e t al., 1993a) . Analysis of several newly constructed E. coliftsH mutants encoding FtsH variants, including C-terminally truncated forms with dominant phenotypes, suggests that FtsH is involved in assembly/ folding of proteins into and through the membrane and that FtsH is needed to assure efficient stop-transfer of some membrane proteins (Akiyama e t al., 1994a, b) . However, how FtsH is functionally related to these phenotypes is not known. Recently it was shown that a by713 mutation in E. coli causing increased lysogenization frequencies of bacteriophage A through a reduced degradation of the cII protein, is located in ftd-3, and the HflB/FtsH protein has been suggested to be an energydependent chaperone and/or protease (Herman et al., 1993) . Other members of the AAA-protein family are also involved in proteolysis, e.g. subunit 4 of the human ATPdependent 26s protease, and it was proposed that other eukaryotic members such as Tbpl, Sugl and MSSl are also subunits of the 26s protease (Dubiel et al., 1992) .
Taken together FtsH might function as a chaperone and/or a protease although no direct biochemical evidence for these functions has been reported so far.
Comparative biochemical and genetic analysis of FtsH from I,. lactis and E. coli will provide better understanding of the biological significance of FtsH, if it is a chaperone or a protease, and what are its substrates.
